Abstract. As a prerequisite for the production of cloned goats by nuclear transfer from the cultured somatic cells, we established cloned fibroblast cell lines, CPF-1 and other related CPF subclones from the placenta of the Shiba goat. CPF-1 cells ceased to proliferate at and about the 51st population doubling level (PDL) when the morphological signs of senescence, such as an unusual increase in cell volume, became obvious. The mean surface area of a cell at 51PDL was about 3 times greater than that of an early-passage cell (3PDL) (p<0.001). When the CPF-1 cells at 14PDL were subjected to chromosomal analysis, 49.3% of the cells turned out to be of normal diploid chromosomal constitution (2n=60). All the chromosomes were of acrocentric types. Part of the reason for the rather high incidence of aneuploidy might be due to the well-known technical difficulty in preparing good chromosomal spreads in the caprine cells. We analyzed the rates of telomere length shortening in the CPF-1 cells, according to the number of passages and culture periods. The telomere length in the latepassage cells became approximately 1/2.5 of that of the early-passage cells (p<0.05). The estimated mean rate of telomere shortening in the CPF-1 cells was approximately 260 bases per PDL and faster than the values (50-200 bases/PDL) so far reported in the literature for other types of cells. Furthermore, in the CPF-1 cells the replicative capacity was exhausted when the mean telomere length reached approximately 7.5 kb which is significantly longer than the values generally obtained in other cultured cell lines. The reasons for the observations have not yet been clarified.
r e p e a t s a r e m e d i a t e d b y a s p e c i a l i z e d ribonucleoprotein complex called telomerase, which is essentially a specialized type of reverse transcriptase [8] .
T h e g e r m l i n e c e l l s a p p e a r t o m ai n t a i n immortality partly owing to the expression of the telomerase, which maintains or elongates the telomere length, while in the cells of somatic lineage, telomerase activity is suppressed and telomere length is shortened at the rate of 50-200 bp per PDL [9] . Such reduction in the telomere length may play a role in the replicative senescence originally shown in cultured cell lines by Hayflick et al. [10] . Telomere length may differ according to cell types, tissues or species of animals, but they do not shorten in non-dividing cells [11] . Before telomere length reaches a critical length (about 5 kb), chromosomes become unstable, leading to cell death. Telomerase in the germ line cells is, therefore, considered to function to avoid the accumulation of telomere erosion in chromosomes with each mitotic generation.
Since the animals cloned from somatic cell nuclei have short telomeres than age-matched animals, early replicative senescence might be expected. In a recent report, the telomere length of the sheep produced by nuclear transfer with fetal or adult donor cells was found to be shorter than that of the normally produced age-matched control animals [12] . Nevertheless, it was observed later that viable offspring were born from the transferred nuclei of senescent somatic cells and that nuclear transfer can cause extension of telomeres beyond that of newborn and age-matched control animals [13, 14] .
Although telomere shortening in the somatic cells cultured in vitro has been investigated in different species of mammals including cattle, mice and humans [13] [14] [15] [16] , no similar analysis has been done in caprine cultured cell lines. As a prerequisite to the production of the cloned goats by the transfer of somatic cell nuclei, we established cloned fibroblast cell lines (CPF-1 and other CPF subclones) derived from the placenta of Shiba goat [17, 18] , and analyzed the dynamics of the telomere shortening and the telomerase activity in these cell lines.
Materials and Methods

Cell culture
Shiba goats from a closed colony maintained at the Stock Farm (Experimental Station for BioAnimal Science) of the University of Tokyo were used. Placentae were obtained from Day 100 pregnant goats. They were minced, and cells were dissociated by trypsin-EDTA treatments (0.1% trypsin / 0.5 mM EDTA) for 10 min at 37 C. The cell suspension was recovered, added with fresh Dulbecco's Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS), penicillin G (100 U/ml) and streptomycin (0.05 mg/ml), and centrifugated at 350 × g for 10 min. The cell pellets obtained were resuspended in DMEM, and seeded onto collagen-coated culture dishes (Falcon #3001; Becton Dickinson, Franklin Lakes, NJ). The cells w ere cul tu red at 37 C un der a h um id ified atmosphere of 5% CO2 in air. The medium was regularly changed at 48 h intervals.
Cloning
The cell suspension was diluted so as to give an approximate concentration of 20 cells/100 mm dish. The cells were cultured under the standard conditions mentioned above until the colonies became distinguishable under a phase contrast microscope. One side of a quartz glass cylinder (10 mm in diameter and 8 mm in height) was covered with autoclaved petrolatum (Wako, Osaka, Japan). The colony was enclosed with the cylinder, and dispersed by trypsin-EDTA treatment. The cell suspension was seeded into each well of a nonco at ed 24-w ell plate (Falc on #3047; Bect on Dickinson, Franklin Lakes, NJ). After the initially cloned cells reached confluence, the cell suspension was serially diluted to a concentration equivalent to approximately 1 cell/well, and seeded into each well of a 96-well plate (Falcon #3072; Becton Dickinson, Franklin Lakes, NJ). Each well was examined microscopically. When it was confirmed tha t the well conta ined a single cell, it was expanded as a clone. So far 3 cloned cell lines, desginated CPF-1, -2 and -3 respectively, have been established.
Chromosome banding
While the cells were in the log phase of growth, they were cultured in the fresh medium containing Colcemid (Wako, Osaka, Japan) (0.1 µg/ml) or Vinblastine sulfate (Wako, Osaka, Japan) (0.1 µg/ ml) for 12-16 h to arrest the cell division at the metaphase. They were dispersed by trypsin-EDTA treatment and swollen in a hypotonic medium (0.075M KCl) for 20 min. Then, an equal volume of ice-cold fixative (a mixture of methanol and acetic acid at a ratio of 3:1) was added to the hypotonic solution. The fixed cells were recovered by centrifugation and refixed in the same fixative. These procedures were repeated 2 additional times. The cells were then placed on a glass slide and spread by blowing. After drying, the chromosome specimens were treated with 0.025% trypsin solution for 30-40 sec, and after washing they were stained with 5% Giemsa solution for 5 min.
Measurement of telomere length
The telomere length of the somatic cells was determined by terminal restriction fragment (TRF) analysis. The isolated genomic DNA (5-10 µg) was digested with restriction enzymes, Hinf I ( 20 units/ µg of DNA) and EcoR I (30 units/µg of DNA) (Takara, Otsu, Japan). The completely digested DNA was separated by electrophoresis at 50 V on 0.8% agarose gel. The DN A was nicked by depurination in 0.25 M HCl, and then denatured in denaturing solution (1.5 M NaCl, 0.5 M NaOH). T h e g e l w a s , t h e n , g e n tl y a g i ta t e d i n a neutralization buffer (1.5M NaCl, 0.5M Tris-HCl). DNA samples were transferred by the capillary transfer method to a Hybond-N+ membrane (Amersham Pharmacia Biotech, Tokyo, Japan). After the transfer, DNA was immobilized onto the membrane by baking at 80 C and UV-crosslinking, and hybridized with a biotinylated telomere probe. The oligonucleotide probe, (TTAGGG)4 was labeled with a Bright Star Psolralen-Biotin Nonisotopic L ab e l i n g k i t ( A m b i on , T e x a s , U S A ) . T h e hybridized probes were detected by the reaction w i t h s t r ep t av i d i n-ho r s er a d is h pe r o x i d as e conjugate (streptavidin-HRP) and the substrate for HRP (North 2 South Chemiluminescent Nucleic Acid Hybridization and Detection Kit; PIERCE, Illinois, USA). The membrane was exposed to an Xray film. The TRF lengths were computed from the data on the densitometric analysis of the film with NIH image software (NIH, Bethesda, MD, USA). The mean telomere length was defined as ∑ (ODi)/ ∑(ODi/Li), where ODi is the optical density and Li is the length of DNA at the scanned position i [15] . Sums were calculated over the range of 4-20 kbp. The experiments were repeated a minimum of 3 times for each sample. The correlation coefficient was determined by regression analysis.
Measurement of telomerase activity
Telomerase a ctivity was assayed with the telomere repeat amplification protocol (TRAP) (TRAP-EZE telomerase detection kit; Intergen Company, NY, USA) essentially following the procedures provided by the manufacturer. The 1 0 5 -1 0 6 c e l l s w er e l y s e d , a n d t h e p r o t e i n concentrations were determined. The reagent mixture was added to the lysate samples, and telomerase extension and PCR amplification reactions were performed. The heat-inactivated extracts were used for the control. TRAP products were separated by electrophoresis at 20 V/cm on a 12.5% non-denaturing gel of polyacrylamide. After electrophoresis, the gels were st ained with ethidium bromide.
Results
Three cloned fibroblast cell lines (CPF-1, -2 and -3) were established as described in Materials and Methods from the placenta of Shiba goat (Fig. 1A) . When the frozen CPF-1 cells were thawed, the mean survival rate was approximately 80%, which was similar to the rate for the cell lines before cloning.
The CPF-1 cells were subcultured over 50 population doubling levels (PDL) (Fig. 1B) . The late-passage cells had morphology typical of senescent cells, such as increased cell size and the appearance of abundant cytoplasmic granules, c o m p a r e d w i t h th e e a r l y p a ss a g e c e l l s . Furthermore, the proliferative capacity of the cells showed obvious signs of gradual decline up to 51 PDL (Fig. 2) . The senescent cells completely ceased proliferating after continuous culture for 1 month or more under the same culture conditions. Although the mean doubling time (MDT) of cloned cells was about 2.1 days until 48 PDL, extreme delay in MDT took place afterwards and at 51 PDL the cells stopped proliferation almost completely. The increasing number of cells had unusual increase in cell size after 48 PDL, as shown by the increase in the mean surface area covered by a single cell as compared with that of an early passage cell (3PDL) (P<0.001) (Fig. 3) . When the enlarged cells were collected and subcultured, they showed no sign of proliferation.
The CPF-1 cells at 14PDL were subjected to c h r o m o s o m a l an a l y s i s . A r e p r e s e n t a t i v e photomicrograph of the diploid metaphase (2n=60) of a CPF-1 cell is shown in Fig. 4A . Chromosome counts of 150 metaphases revealed that only about half (49.3%, 74/150) of the cell population was euploid diploid (60 chromosomes) and the rest exhibited various degrees of aneuploidy (50.7%, 76/150) (Fig. 4B) . Tetraploidy, however, was not observed at this PDL. The aneuploid chromosome numbers ranged from 52 (2n) to 62 (2n). All the chromosomes were of acrocentric types, as has been described in the literature (Fig. 4A) .
For the analysis of telomere length, the genomic DNA was isolated from the CPF-1 cells at various PDL , i. e., 7, 13, 19, 25, 29, 35, 40, 46, 51 PDL. The Hinf I/EcoR I-digested samples were subjected to the Southern blot analysis (Fig. 5A) . After the densitometric evaluation of the exposed films, the telomere lengths (TRF fragment length) were estimated from the position of the peak; the λ-Hind III fragments (Takara) were used as the molecular size marker. As seen in Fig. 5B , the major peak progressively shifted in the direction of low molecular mass as the PDL number increased. In . 5C , the mean TRF length at 7 PDL was about 19.0 ± 0.3 kb, and gradual telomere shortening was observed accompanying aging of the culture (the mean TRF lengths at 13, 19, 24, 29, 35, 40, 46 and 51 PDL were approximately 17.2 kb, 15.5 kb, 13.6 kb, 12.2 kb, 11.2 kb, 9.9 kb, 9. 0 k b and 7.6 kb, respectively). The lengths of telomeric repeats ranged from 7 kb to 20 kb ( Table 1 ). The data indicated that the telomere shortening took place in the CPF-1 cells at the rate of approximately 260 bases per PDL. The mean TRF length was about 2.5-fold shorter in the late-passage cells (51 PDL) than in the early-passage cells (7 PDL) .
Telomerase activity in the CPF-1 cells was determined at 14 PDL and compared with that of a telomerase-positive control cells supplied in the kit, as well as with that of a well established infinite cell line, 3T6 [19] . No telomerase activity was detected in the CPF-1 cells, whereas the 3T6 cells exhibited a high level of telomerase activity, like the control cells in the kit (Fig. 6) .
Discussion
In the present study we established cloned fib ro bl ast c ell lin es (C PF-1 and o th er CP F subclones) derived from the placenta of the Shiba goat. They are finite cell lines and the proliferative capacity was totally lost around 51 PDL. It has been reported in human cultured somatic cell lines that without immortalizing transformation the cells will ceas e to divide aft er a pproximately 50 generations [10] . Similarly, early-passage bovine fetal fibroblast cells underwent about 60 PDL and died off [13] . It was, therefore, inferred that the life span of non-transformed cultured cells has a limit, regardless of the cell type. While examples of nonhu man cul tu red cell lin es w hi ch had been immortalized by spontaneous transformation are m a n y [ 2 0 -2 2 ] , C P F -1 c e l l s r e t a i n e d t h e characteristics of a finite cell line.
It was reported that the repression of DNA synthesis by hydroxyurea caused an accumulation of proteins within the cytoplasm and induced an increase in cell volume [23] . However, this increase in cell volume cannot be solely ascribable to simple hypertrophy, since binucleate cells and coenocytes were o ften obs erved among the gia nt cells, indicating that the failure of cytokinesis or nuclear division was the cause of the increase in cell volume in some cells.
Although the results of chromosomal analysis revealed a rather high incidence of aneupoidy, a good caprine chromosomal spread is notoriously difficult to prepare and a considerable portion of the aberrant chromosome sets may be due to technical problems. In the caprine chromosome complements (2n=60), the autosomes are all acrocentric with an arm ratio (long arm length/ short arm length) of 7.0-∞ [24, 25] . Although the caprine X chromosome is one of the largest acrocentrices, the Y chromosome is the smallest and the only metacentric chromosome in the set [26] .
The results of the telomere length analysis d em o ns t r a t ed t ha t t he d eg re e o f t el o m er e shortening was linearly correlated with the PDL in this cell line. Although the rate of telomere shortening generally reported in the literature is 50-200 base/PDL, our results clearly demonstrated t h a t t h e t e l om e r e l en g th sh or te n e d a t a n approximate rate of 260 base/PDL in CPF-1 which was higher than the values so far reported in the literature.
It is known that telomere shortening is induced not only by end-replication but also by t he accumulation of damage at molecular levels due to external factors. Whereas mammalian cells are ro ut inely cultured under a n a tmos phere of approximately 20% O2 in air, the telomere is rapidly eroded under a high oxygen partial pressure of about 40% [27] , suggesting that oxidative stress caused damage to the DNA including the telomere. Indeed, telomere shortening was slowed and the replicative life span was prolonged when the standard culture media were supplemented with vitamin C to reduce the oxidative stress [28] . The culture of bovine ES-like cells in serum-starved conditions significantly decreased telomerase activity [29] , probably accounting for the telomere shortening in the cells under serum starvation. It was reported that whereas proliferative repression was induced by confluence in the MRC-5 human fibroblast cell line, telomere shortening rate was accelerated when the cells had been kept at extended periods of confluence without cell multiplication [30] .
In many types of cultured cell line, the cells cease to proliferate and the chromosomes become unstable when the mean telomere length reaches approximately 5 kb [9] . In CPF-1 cells, our results indicated that the replicative capacit y w as exhausted when the mean telomere length reached approximately 7.5 kb which is significantly longer than those generally observed in other cultured cell lines [9] . The reasons for this have not yet been clarified. 
